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Introduction
The anticancer drug, nitracrine (Ledakrin. C-283), l-nitro-9- (3,3-N,N-dimethylaminopropylamino) acridine undergoes metabolic activation in the cell and subsequent covalent binding to DNA [1 -7] , In the presence of sulfhydryl compounds the drug and sev eral of its biologically active analogs form irrevers ible complexes with DNA and RNA [3, 8 -12] . Co valent binding of drugs to chromatin may provide information on the properties of DNA in nucleoprotein, particularly if coupling factors do not introduce uncontrolled perturbation in the studied structure. As the presence of thiols in the course of the reaction is unlikely to introduce substantial changes in chromatin these experiments aim to exploit this property of nitracrine to assay the accessibility of DNA within a nucleoprotein complex.
Materials and Methods

Chemicals
-Methoxyl-['H]methoxypsoralen, 140 mCi/nmol
(A m ersham , England) was diluted with the unlabel led drug (Sigma, U .S.A .) to activity 1 . 2 x 104 cpm/ nmol. 9-[14C]Nitracrine (activity [3] [4] [5] [6] x 103 cpm/ nmol) was previously described [9] . 
Binding o f nitracrine or 8-methoxypsoralen to native chromatin
Native calf thymus chromatin was isolated accord ing to the m ethod of Bonner et al. [13] as modified by Turoverova and Vorobev [14] and used following centrifugation in 1.7 m saccharose [13, 14] and dialy sis against 10 mM Tris/HCl (pH 7.2). The nitracrine complexes were formed in the presence of the drug (0.1 mM, if not otherwise specified, 2 mM Tris/HCl (pH 7.2) and 5 mM dithiothreitol for 1 h [8] [9] [10] [11] at chrom atin D N A or free DN A concentration of 400 (xg/ml and NaCl concentration as indicated. A ft er 1 h unreacted drug was removed during the deproteinisation of chromatin with chloroform/isoamyl al cohol [15] and the amount of [14C]nitracrine irrevers ibly bound to D N A was estimated as described [9] . The complexes of nitracrine with free DNA were similarly treated. Photoreaction of [3H ]8 -methoxypsoralen (0.046 mM) with chromatin (or DNA) at D N A concentration of 400 ^g/ml was carried out by irradiation as described [1 0 ] and the stoichiometry of the purified complexes was estimated by radioactivi ty m easurem ents as for nitracrine. DNA and protein in chrom atin were estimated according to Burton [16] and Lowry et al. [17] respectively. The protein/ D N A ratio was found to be 1.8 (w/w).
Binding o f nitracrine to partially dissociated chromatin
Native calf thymus chromatin diluted to a DNA concentration of 2 respectively. Native chromatin (also passed through the glycerol gradient but no NaCl added) and the salt treated chromatin were subsequently dialyzed over night against 10 m M Tris/HCl, pH 8 containing 0.1 m M E D T A and, when indicated, 0.15 m NaCl. The protein/D N A ratios in two experiments were 1.7 ± 0.04 (0.35 m NaCl) and 1.4 ± 0.1 (0.7 m NaCl). The dialyzed chromatin preparations were suspended in a Potter homogenizer, and then reacted with nitracrine for 1 h in the presence of 0.15 m NaCl (if not otherwise specified) and dithiothreitol. The stoichiometry of the complexes following purifica tion was determ ined (see above).
Results and Discussion
Covalent binding of drugs to chromatin may pro vide information on the properties of D N A in nucleoprotein, particularly if coupling factors do not introduce uncontrolled perturbation to the studied structure. The following facts indicate that nitracrine in the presence of dithiothreitol, actually forms a co valent complex with DN A [20]: i) [l4C]nitracrine in the complex is precipitated with trichloroacetic acid with an efficiency similar to that of D N A ; ii) the complex is not dissociated by urea, sodium dodecyl sulfate, high ionic strength or organic solvents; iii) neither therm al nor alkaline denaturation consid erably affect the efficiency of trichloroacetic acid precipitation of [14C]nitracrine-DNA.
The mode of the thiol-dependent binding of the drug to D NA has not been fully understood. A re duction of the nitro group was suggested to be a step leading to an active derivative [8 ] but susceptibility of the nitro group in the position 1 , of aminoalkyl chain in the position 9 and hydrogen atoms in the position 2 and 4 of the acridine ring in nitracrine to nucleophilic substitutions by thiols and other reagents [2 1 , 2 2 ] may indicate on the potentially multiple sites of attachem ent of the drug molecule to DNA. Actually a substitution of the tritium atoms in the positions 2 , 3 or 4 was observed in the course of the thiol-dependent nitracrine binding to DNA [23] indicating the either positions to be involved in the adduct form a tion. Most of the drug molecules attached to D N A bear both the acridine ring and the aminoalkyl side chain [23] . The drug exhibits a preference to purines, particularly to guanine residues in DNA [9] , Pilot experim ents on the chromatographic resolution of the hydrolyzed complexes indicate on the at least three types of adduct [24] as inferred from the earlier studies [23] ,
The presence of thiols in the course of the covalent binding of nitracrine to DNA is unlikely to introduce substantial changes to chromatin. An additional ad vantage in using this drug to probe protein-DNA in teractions is the fact that its irreversible binding to histone or albumin under similar conditions is five fold lower than to DNA [20] , As an indirect ex perim ental approach has already indicated, the pro tein components in native chromatin reduce the ac cessibility of DNA to nitracrine [25, 26] . The level of drug binding to the DNA of native calf thymus chrom atin in the absence of NaCl is 30-40% of that found with naked DNA (Fig. 1, 2) . It does not change substantially when assayed at a constant drug to D N A ratio and the DNA concentration varied from 200 to 400 |jg/ml (not shown). The accessibility of D N A in chromatin to nitracrine is considerably low er than that found by Reynolds and Hurley with anthramycin [27] but higher than was reported by M etzger and D aune for calf thymus chromatin using a carcinogenic aminofluorene derivative [28] . Com parative time-course binding experiments show that (Fig. 1) the proportion of DN A accessible to the drug following a small decrease within the first hour remains essentially constant up to 5 h.
Derivatives of furocoumarins have recently been used in numerous elegant studies as molecular probes for chromatin DN A structure (e.g. see ref. [29] [30] [31] [32] [33] ). In the experim ents presented in Fig. 2 , binding of nitracrine to free DNA and DN A in chromatin at different ionic strengths is com pared to 8 -methoxypsoralen photobinding under identical conditions. The binding curve for 8 -m ethoxypsoralen closely resembles that obtained for the effect of ionic strength on 4,5',8-trim ethylpsoralen binding to supercoiled Col E l plasmid DNA [31] . Acces sibilities of DNA in chromatin to nitracrine and 8 -methoxypsoralen show qualitatively similar charac teristics. The initial decrease reaches a minimum at 0.15 m NaCl which corresponds to aggregation of chromatin. Removal of non-histone proteins and histone H I at 0.7 m NaCl, and further dissociation of histones, is dem onstrated by an increase in accessible sites and is consistent with the results reported by Hyde and Hearst [31] . D N A . however shows, lower accessibility to nitracrine than to 8 (Fig. 2) . As both drugs form covalent complexes with DNA in different reactions, show different base specificity [9, 34] and probably indulge in different steric interactions prior to their coupling to DNA [35] , the observed lower accessibil ity of DNA to nitracrine may be due to several fac tors. The simplest explanation, namely that the affin ity of the nitroacridine derivative (or its by-product transiently formed) for DNA is just lower than that of 8 -methoxypsoralen, does not agree with the other data. As shown in our laboratory, photo-binding to DNA is more efficiently inhibited by an intercalating ligand, ethidium bromide, and non-intercalating peptide-type antibiotics, netropsin or distamycin A, than the thiol-dependent binding of nitracrine [35] . Perhaps the highly hydrophobic 8 -methoxypsoralen molecules may more easily penetrate the aggregated chromatin than charged nitracrine molecules. The latter seems to be supported by the data indicating that the accessibility of chromatin DNA to trim ethyl psoralen is higher than that to its ionic aminoethyl derivative [31] and recent experiments pointing on the importance of hydrophobic properties in furocoumarin-DNA interactions [36] , In order to assay how partial dissociation of chromatin influences accessibility of D N A at ionic strength close to physiological conditions native chromatin and chromatin partially depleted of pro teins were examined in the nitracrine reaction system at 0.15 m NaCl. Native chromatin was subjected both to 0.35 m NaCl [18] or 0.7 m NaCl [19] to remove non-histone proteins and histone H I. Naked DNA and chromatin preparations were reacted with nitra crine in the presence of 0.15 m NaCl at the increasing drug to DNA ratio. The num bers of nitracrine mole cules bound to naked DNA and to D N A in native chromatin (Fig. 3 A) and to D NA in chromatin treat ed with 0.35 m NaCl (Fig. 3B) or 0.7 m NaCl (Fig.  3C) were plotted against the drug to DNA ratio dur ing the complex formation. As shown for the reac tion of the aminofluorene derivative with chromatin [28] a linear relationship is observed between the adduct formation and the drug concentration, both for DNA and DNA extracted from various chrom a tin preparations (Fig. 3) . The calculated intercepts (Table I ) are negligible. Hence the ratios of the slopes are equal to the respective ratios of acces sibilities [28] . The partially deproteinized chromatin preparations show an accessibility of about 1 0 % , as low as that found for native chrom atin (Fig. 3 . Table  I ). The lack of increase of accessibility following the salt treatm ent is due to the ionic strength (0.15 m NaCl) during the drug binding. W hen the binding of the drug is assayed in the absence of NaCl (see the inset to Fig. 3 A) following dissociation of chromatin with 0.35 m NaCl no changes in the amount of nitra crine bound observed. On the other hand, an in crease of about fourfold in accessibility is shown for chromatin following dissociation with 0.7 m NaCl, when assayed at low ionic strength. These observa tions can be com pared to those reported by Metzger and Daune [28] . A small increase in the accessibility to aminofluorene derivative follows dissociation of non-histone proteins from both calf thymus and chicken erythrocyte chromatin with 0.35 m NaCl. Similarly to our results erythrocyte chromatin de pleted of histones H I and H 5 exhibits an over threefold increase of the carcinogen binding as com pared to native chrom atin. Negligible changes in ac cessibility seen at the m oderate ionic strength (Table  I) duced by an increased internal stabilization of nucleosomes under the ionic conditions close to those of physiological conditions [31] . It can be concluded from this experim ent, that despite partial removal of histone H 1 and non-histone proteins a highly stabilized structure present at 0.15 m NaCl is still pre served. O ur data are consistent with the results ob tained by Osipova et al. [37] indicating that at this ionic strength the oligonucleosome chain without H 1 folds up to a compact configuration typical for oligonucleosomes with H 1 at the lower salt concentration. 
